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The design of a synchrotron x-ray liquid surface spectrometer at beamline X19C at the National
Synchrotron Light Source is described. This spectrometer is capable of performing the full range of
x-ray surface scattering techniques. A few examples of measurements made using this spectrometer
are presented, including studies of organic monolayers on the surface of water and of the structure
of strongly fluctuating oil–microemulsion interfaces. The measurements discussed illustrate the
accuracy, resolution, and capabilities of the spectrometer. ©1997 American Institute of Physics.
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I. INTRODUCTION

Liquid surfaces and interfaces are of scientific inter
because of their use in probing and testing ideas of struc
and phase behavior at interfaces and in inhomogeneous
dia. They are of technological importance because of
many physical, chemical, and biological processes that o
at interfaces. Although studied for many years, fundame
questions remain concerning both the longitudinal~out-of-
plane! and transverse~in-plane! structure of the interface
Recently, experimental techniques such as surface sens
x-ray and neutron scattering1–14 and nonlinear optica
methods15,16 have allowed these interfaces to be probed
the molecular length scale. In this article, we describe a s
chrotron x-ray liquid surface spectrometer recently instal
at beamline X19C at the National Synchrotron Light Sou
at Brookhaven National Laboratory~NSLS! and mention a
few recent results from this device.

The X19C liquid surface spectrometer is capable of m
suring x-ray reflection, grazing-incidence diffraction a
fluorescence, surface diffuse scattering, and anomalous
flection. It has the following features:~a! the capacity to use
large and heavy sample chambers;~b! a sturdy design tha

a!Electronic mail: schloss@tigger.cc.uic.edu
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allows for precise~and accurate! specification of theQ vec-
tor as well as enhanced sample stability~important for liquid
samples!; ~c! simple optics, a single-crystal monochromat
or multilayer, to monochromate and steer the beam; and~d!
straightforward tuning of the x-ray wavelength~from 6 to 17
keV! that allows for measurement of differential anomalo
reflectivity and fluorescence, and grazing incidence ano
lous x-ray scattering.

To date, the experimental techniques exploited using
X19C spectrometer have included x-ray reflectivity, surfa
diffuse scattering, grazing-incidence diffraction, and refle
tion standing-wave fluorescence. These have been use
study surfactant monolayers on the water surface,17,18 liquid
metal surfaces,19 liquid–liquid interfaces in
microemulsions,20,21 and gold colloids in polymer thin
films.22 High-resolution coherent scattering has been use
study the propagation and scattering of partially coher
x-ray beams from surfaces of patterned optics.23

II. SURFACE X-RAY SCATTERING TECHNIQUES AND
KINEMATICS

Surface x-ray scattering has been reviewed numer
times.24–29 Here, we mention a few aspects necessary to
derstand the design of a liquid surface spectrometer.
7/68 „12…/4372/13/$10.00 © 1997 American Institute of Physics
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three techniques discussed below, specular reflection, su
diffuse scattering, and grazing-incidence diffraction, are
primary techniques for studying liquid surfaces and de
mine most of the technical requirements for the spectro
eter.

III. SPECULAR REFLECTION

The kinematics of surface scattering is illustrated in F
1; note thata590° is normal to the surface. For arbitrarya,
b, andw, the three components of the wave-vector transfe
the scattered radiation,Q5kscat2k in , are

Qx5~2p/l!cos~b!sin~w!,

Qy5~2p/l!@cos~b!cos~w!2cos~a!#, ~1!

Qz5~2p/l!@sin~b!1sin~a!#.

Specular reflection occurs whena5b and w50 @Qx

5Qy50, Qz5(4p/l)sin(a)#. This reflection is usually mea
sured at small angles where polarization effects are not
portant. It is convenient to consider the special case of
larization parallel to the surface. For radiation in a mate
of index of refractionn1 , incident on a plane surface a
which the index of refraction abruptly changes ton2 , the
specular reflectivity,RF(a), is given by the Fresnel formula
of classical optics30

RF~a!5Un1 sin a2An2
22n1

2 cos2 a

n1 sin a1An2
22n1

2 cos2 a
U2

. ~2!

For x-ray energies greater than the material’s electronic b
ing energies, a simplified expression for the index of refr
tion, n, can be written, namely,n512l2(rr e/2p)
1 il(ma/4p), wherel is the x-ray wavelength,r is the elec-
tron density in the material;r e5(e2/mc2)>2.818 fm is the
classical electron radius, andma is the x-ray linear absorp
tion coefficient for intensity.27

If material 1 is air (n1>1), andn2,1 ~as it is for most
materials at x-ray wavelengths!, there is a critical angle for
x-ray total reflection,ac5cos21(n2)>Arr el

2/p. For most
materials,ac is approximately 2–5 mrad for an x-ray wav
length of l50.154 nm. If absorption is neglected, the
RF(a)51 when a,ac and RF(a)'(ac/2a)4 when a
@ac . This functional form illustrates the rapid decrease
reflected intensity as the incident angle increases.

FIG. 1. Kinematics of surface x-ray scattering:k in is the incoming wave
vector,kscat is the scattered wave vector,Q is the wave-vector transfer with
Qxy5Qx1Qy in the plane andQz normal to the surface.
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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With real interfaces, for which the index of refractio
profile normal to the interface changes smoothly from o
bulk phase to the other, the specularly reflected intens
R(a), will deviate fromRF(a) in a manner that allows char
acterization of the index of refraction profile. X-ray specu
reflectivity is often interpreted in terms of the first Born a
proximation. The principal result is given by24

R~a!

RF~a!
>U 1

rbulk
E dz

d^r~z!&
dz

exp~ iQzz!U2

, ~3!

whered^r(z)&/dz is the electron density gradient averag
over thex–y plane~parallel to the surface at constantz!, and
rbulk is the electron density far below the surface. Howev
this approach neglects refraction and multiple scattering,
Eq. ~3! is not accurate fora&4ac . Other methods of analy
sis are accurate at these small angles@see Eq.~21!#.26,31,32

The reflectivity can be used to measure the electron den
interfacial profile,^r(z)&, with resolution on the order of a
fraction of a nanometer.

The reflectivity from simple liquid surfaces can often b
characterized by a roughness,s. For example, the reflectivity
from a pure water surface for 4Qc<Qz<7.5 nm21 ~where
Qc is the wave-vector transfer at the critical angle for to
reflection, and for waterQc50.217 nm21! can be described
by

R~Qz!

RF~Qz!
5exp~2Qz

2s2!, ~4!

corresponding to an electron density profile in Eq.~3! given
by

r~z!5 1
2~r l1rv!1 1

2~r l2rv!erf@z/s&#

with erf~z!5
2

Ap
E

0

z

e2t2dt, ~5!

wherer l andrv are the electron density for liquid and vap
bulk phases. This interfacial profile is the prediction of t
capillary wave theory by Buff, Lovett, and Stillinger.33

Equation~4! shows that the reflectivity for a rough surfac
drops faster than the (ac/2a)4 drop-off for the smooth step
function interface.

As seen from Eq.~3!, the reflectivity measures the elec
tron density averaged over the in-plane directions,x andy,
of the surface. The spatial resolution of the density pro
normal to the surface is approximately 2p/Qz . Better spatial
resolution can result from analysis of an experiment if th
are physical or chemical constraints on the functional fo
of the electron density profile.

Consideration of anticipated interfacial structures p
vides the guideline for spectrometer design. To determine
largest Qz necessary, consider the smallest structure t
needs to be measured. In our experiments, this sma
structure occurs in the case of liquid metals. This interfa
has been shown to be stratified with layer spacing at
interface similar to nearest-neighbor spacing in the bu
;0.25 nm. Therefore, the reflectivity contains a peak atQz

>25 nm21. This sets a lower limit on the maximumQz

needed for the spectrometer. Although higher spatial res
tion is always desirable in principle, in practice, it may n
4373Liquid surface spectrometer
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be easy to obtain for two reasons:~1! larger values ofQz

require larger spectrometer motions, which may not be p
tical; and 2! the surface roughness reduces the reflectiv
signal. For example, a water surface has a roughness,s, of
;0.27 nm resulting in a practical limitation on measur
ments toQz<7.5 nm21 ~for x-ray wavelengthl50.154 nm!.
At larger values ofQz , the scattering from x rays that pen
etrate into the bulk water overwhelms the reflectivity sign
from the surface. Liquid metal surfaces are sufficien
smooth,s>0.09 nm, to allow for measurements out toQz

>25 nm21 or higher.19,34,35

The requirement on the smallest accessible values oQz

is determined by our experiments on liquid–liquid interfac
These interfaces may have a critical wave-vector transfer
total reflection as small asQc>0.05 nm21. To accurately
determine the reflectivity curve, it is advantageous to be a
to measure down to slightly smaller values,Qz

>0.03 nm21. Since these systems also have a large inte
cial roughness,s>6 nm or larger, which limits the maxi
mum accessibleQz to ;0.5 nm21, it is necessary to make
detailed measurements over this small range ofQz to get any
information about the interface.

The desired resolution inQz is ;0.01 nm21. This is
necessary to measure the reflectivity curve in the liqu
liquid systems and is also useful for measuring films as th
as 100 nm. In the latter case, oscillations due to interfere
between the reflection from the top and bottom layers
these films can be clearly measured only with the speci
resolution.

Measurements at smallQz also constrain the size an
divergence of the x-ray beam incident on the sample.
example, liquid–liquid interfaces often have relatively sm
flat regions, 10–20 mm long, that are most useful for refl
tion measurements~a region of the sample surface is cons
ered to be macroscopically flat if it has a slope error mu
smaller than the angular acceptance of the detector!. At the
smallest reflection angles,;2.531024 rad, the beam size
must be;10mm at the sample for the footprint to cove
only the flat region. Since the nearest distance of a be
defining slit to the center of our sample chamber is 12 c
we use a 5mm vertical slit gap. However, this small sl
alone is inadequate because the natural vertical divergen
the beam, 131024 rad, increases the beam size by 12mm
over the 12 cm distance. To reduce the beam divergenc
231025 rad, two 5mm slits placed;600 mm apart on the
input arm are used. These considerations set the approxi
size of the input arm. Tracking the beam through these
fine slits also requires excellent angular control over the
put arm.

Limitations similar to those just mentioned, for oth
experiments that we considered at the time of design, h
set the specifications for the spectrometer as a whole an
individual components.

In addition to scanning the spectrometer over a selec
range ofQz for Qx5Qy50, measurements of specular r
flectivity also require determination of the background sc
tering that must be subtracted. The finite angular resolu
of the spectrometer results in a broadening of a scan a
Qy through the specular condition, as illustrated in Fig.
4374 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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The background for reflectivity measurements is often m
sured by offsetting the spectrometer far enough inQy to be
several resolution widths away from the specular conditi
Since DQy5sina(Dkin1Dkscat)>a(Dkin1Dkscat), for
small a, it is possible to maintain the same number of res
lution widths as a function of the incident angle by scann
along a line that connects~Qx50, Qy5Qz,1 /a, Qz5Qz,1! to
(0,Qz,2 /a,Qz,2) where a is selected such that the positio
(0,Qz /a,Qz) is a chosen number of resolution widths aw
from the specular condition~a is determined experimentally
by scanningQy at a fixedQz!. Alternatively, the background
can be measured by scanning alongQz at a fixed offset in
Qy . However, this latter procedure does not maintain
same relative distance from the peak as a function ofQz .

The x-ray absorption length,ma
21, at 8 keV (l

>0.15 nm) is approximately 1 mm in water and in mo
organic fluids. Sincema}(Energy)23, use of high-energy x
rays~such as 15 keV! greatly reduces the absorption, allow
ing the x rays to penetrate further into the bulk liquid. High
energies are very useful when bulk liquid needs to be p
etrated to probe a buried interface, as occurs in our studie
liquid–liquid interfaces.

FIG. 2. Resolution considerations for specular reflectivity for whicha
5b. ~a! In theQy–Qz plane the width in incomingk vectors,Dkin , and the
width in scatteredk vectors,Dkscat is shown. The widths are determined b
slit sizes and the energy bandwidth. These widths may represent a s
well transmission for which everyk vector whose arrowhead is on the lin
Dkin ~or Dkscat! is allowed; if not on the line, thek vector is forbidden. More
realistically, the widths represent the width of a distribution, for examp
Gaussian, of incoming and scattered wave vectors.~b! The convolution of
the two resolution widths,Dkin andDkscat, yield a parallelogram resolution
area in theQy–Qz plane. For the square well transmission, onlyQ vectors
~whereQ5kscat2k in! within the parallelogram are scattered into the dete
tor. More realistically, the parallelogram schematically represents a con
lution of distributions inkin andkscat. The resolution area reveals an effe
tive resolution for specular reflection in theQz direction, DQz , and an
effective width in theQy direction, DQy . This shows that for a chosen
angular setting of the spectrometer, specular reflection from a range ofQz ,
DQz , is received by the detector. Also, to measure background scatte
that does not include a component of the specular reflection, it is neces
to tune away from the specular condition by a width,DQy/2, in the Qy

direction.
Liquid surface spectrometer
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Although specular reflection is the dominant scatter
process in the direction ofb5a andw50, at anglesbÞa
andwÞ0, far enough away from the specular reflection co
dition, scattering from the bulk liquid is dominant. By simu
taneously measuring the angular dependence of the spe
reflectivity and bulk scattering, it is possible to monitor t
structure of the bulk liquid in the same experiment in whi
the surface structure is studied.

IV. SURFACE DIFFUSE SCATTERING

Tuning off the condition for specular reflection results
a nonzero in-plane component of the wave-vector trans
Qxy[(Qx ,Qy) ~this scattering is referred to as surface d
fuse scattering!. For small angle scattering off the specul
condition, if ua2bu!a!1 andw50, thenQz>(4p/l)a,
Qx50 and Qy>(p/l)(a22b2)>(Qz/2)(a2b), resulting
in values ofQy as small as 1027(2p/l). This allows for
measurements that are sensitive to long-wavelength s
tures at the interface, such as long-wavelength capil
waves. For example, ifa50.5°, a2b>0.1°, and l
50.15 nm, then 2p/Qy>10mm, comparable to the smalles
length scales usually probed in scattering by visible lig
however, with x rays, the measurements can be extende
length scales that are orders of magnitude smaller.

If the surface or interface is not perfectly smooth and
the amplitude of the height fluctuations,z(x,y), are small in
comparison with 1/Qz , the distorted wave Born approxima
tion yields the following form for the differential cross se
tion for x-ray surface diffuse scattering:32,36–38

ds

dV
5r e

2AxyuT~a!u2uT~b!u2E dx dyr2^zz~x,y!&eiQxy–r,

~6!

where r is the average electron density,Axy is the illumi-
nated area of the sample, and^zz(x,y)& is the height–height
correlation function.T(q), q5a or b, is the Fresnel trans
mission coefficient for the amplitude of the total wave fie
at the surface, polarized perpendicularly to the plane of in
dence, written as30

T~q!5
2n1 sin q

n1 sin q1@n2
22n1

2 cos2 q#1/2. ~7!

For small angles andn151, T(q)>2q/@(q1Aq22qc
2#,

and uT(q)u2>(2q/qc)
2ARF(q). The function uT(a)u2,

which is proportional to the square of the field, varies from
to 4, asa increases from 0 toac , and then falls to unity for
a@ac . The factorT(b) appears because of a similar effe
in the coupling between the surface currents and the s
tered fields.36,39–43

The angular dependence of the two factors,T(a) and
T(b), enables the surface scattering to be distinguished f
other diffuse scattering processes. This is particularly us
for probing the height fluctuations due to thermally excit
capillary waves. In this case, the scattered intensity,I D , is
written as37
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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~r er!2

aDa

kBT

g E
~a2Da/2!

~a1Da/2!

daE
~2Dw/2!

~Dw/2!

dw

3E
~b2Db/2!

~b1Db/2!

db
uT~a!u2uT~b!u2

q21kg
2 , ~8!

whereI o is the total incident flux,g is the measured interfa
cial tension, andkg

25Drmg/g whereDrm is the massden-
sity difference between the two bulk phases,g is the gravi-
tational acceleration, andDa, Db, andDw are the widths of
the distributions of the respective angles, wherew is an in-
plane azimuthal angle.

These measurements are made either by scanning inQy

or by fixing the incident angle,a, and scanning the scatterin
angle,b, in the plane of incidence. For the more demand
studies of liquid–liquid interfaces, the required resolution
;1026 nm21 in Qy or 0.001° in angle. ScanningQy may
also require a sample motion accurate to 1mm for small
samples, so the beam footprint stays on the flat area of
sample. For this reason, it is often simpler to scan the s
tering angle with a fixed incident angle. The other spectro
eter requirements for surface diffuse scattering meas
ments are similar to those for reflectivity measurements.

V. GRAZING INCIDENCE DIFFRACTION

Scattering from the surface can also dominate when,
a<ac , the incident wave is totally reflected.44 Neglecting
absorption, the incident intensity penetrates the surface a
evanescent wave, which falls off as exp(2z/Li), whereL i

>@(4p/l)Aac
22a2#21. For ac>0.2°, a50.8ac , and l

50.15 nm, the intensity is reduced to 1/e of its initial value
in approximately 5 nm. For this value ofa and almost any
value of b<10°, scattering in thew direction at Qxy

[AQx
21Qy

2[(4p/l)sin(w/2) will probe structure paralle
to the surface and within approximately 10 nm of the int
face. This experimental geometry can be used, for exam
to investigate the in-plane structure of molecular monolay
at the liquid–vapor interface.

For a monolayer of point particles at the liquid–vap
interface, the distorted wave Born approximation yields
following generalization of Eq.~6!:36–38

ds

dV
5r e

2AxyuT~a!u2uT~b!u2E dx dŷ rsrs~x,y!&eiQxy–r,

~9!

wherers(x,y) describes the surface electron density of t
point particles, that is@r(x,y,z)2^r(z)&#>rs(x,y)d(z),
andAxy is the illuminated area of the sample. If the particl
form a two-dimensional ordered phase, the evanescent w
will diffract from the in-plane order when the in-plane tran
ferred momentumQxy corresponds to an in-plane reciproc
lattice vectorGxy , regardless of the value ofQz . As a con-
sequence, there are Bragg rods of scattering for surface o
~instead of Laue spots as for bulk diffraction!.45 For point
particles, the intensity along the Bragg rod will be dete
mined only by the classical surface field enhancement,T(a)
andT(b), described previously, and by polarization effec
If the particles in the monolayer are molecules, then the
4375Liquid surface spectrometer
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TABLE I. Spectrometer and beamline motors.

Name~mnemonic! Purpose Hardware Step size

Slit 1 vertical ~s1v! Vertical beam size before mirror NSLS design N/A
Slit 2 horizontal~s1h! Horizontal beam size before mirror NSLS design N/A
Mirror bend ~mirb! Adjusts mirror focus vertically Custom 4.5mm
Mirror jack 1 ~mirj1! Vertical mirror motion Custom 3.5mm
Mirror jack 2 ~mirj2! Vertical mirror motion Custom 3.5mm
Mirror jack 3 ~mirj3! Vertical mirror motion Custom 3.5mm
Mirror translation 1~mirt1! Horizontal mirror motion Custom 4.0mm
Mirror translation 2~mirt2! Horizontal mirror motion Custom 4.0mm
Slit 2 outer~s2o! Vertical beam size after mirror Custom 4.0mm
Slit 2 inner ~s2i! Vertical beam size after mirror Custom 4.0mm
Slit 2 left ~s2l! Horizontal beam size after mirror Custom 6.3mm
Slit 2 right ~s2r! Horizontal beam size after mirror Custom 4.0mm
Monochromator translation
~monot!

Adjusts position of monochromator
within the 3-circle

Custom 4.0mm

Theta~th! Q, 3-circle theta stage for
monochromator alignment

Huber 410 531023°

Chi ~chi! x, beam steering Huber 511.1 531024°
Phi ~phi! F-stage setsuB , Bragg angle, for

beam energy
Huber 511.1 531024°

Two theta~tth! 2u, spectrometer rotation Huber 440 531024°
Input height~ih! Input arm vertical translation Anorad 7-6

~100 mm
travel!

1.3 mm

Input rotation~ir! a, input arm rotation Huber 414 531024°
Sample height~sh! Sample vertical translation Custom 1.3mm
Sample theta~sth! Sample rotation Franke

PDM400M
531023°

Detector theta~dth! w, detector rotation about sample
center

Franke
PDM400M

531023°

Output rotation~or! b, output arm rotation Franke
PDM175M

531024°

Output height~oh! Output arm vertical translation Anorad 7-10
~200 mm
travel!

1.3 mm

Spectrometer translation~yt! Translates entire spectrometer and
monochromator tank transverse
~horizontal! to the beam

Custom 3.2mm

Hutch slit motors~s]b, s]t
s]l, or s]r!

4-jaw slit motions in hutch,]
identifies slit; t, b, l, or r identifies
jaw ~top, bottom, left, right!

Huber slits 0.6mm
or
1.2 mm

Hutch absorber~habs! Absorber wheel in hutch Custom N/A
Beamline absorber~babs! Absorber foil in beamline Custom N/A
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tensity,I (Qz), along the Bragg rod is modulated by the m
lecular structure factor normal to the surface,F(Gxy ,Qz),
and is represented as

I ~Qz!}uT~a!u2uF~Gxy ,Qz!u2uT~b!u2. ~10!

For monolayers of long molecules that exhibit ordering
the molecular tilts, the factorF(Gxy ,Qz) is a function of
both the molecular tilt and the intrinsic molecular structu
factor. The intensity distribution along the Bragg rod pr
vides information analogous to that contained in reflectiv
measurements, but only for the ordered part of the mo
layer.

Scans in w using the detector theta rotation sta
~‘‘dth’’ ! are used to determine the locations of the Bra
rods inQxy , thereby determining the reciprocal lattice of th
in-plane order~see Table I!. Due to the weak scattering from
the ordered structures of Langmuir monolayers, a Soller
with in-plane angular resolution of 331023 rad is used to
maximize the signal.8 Structure along the Bragg rods is us
Instrum., Vol. 68, No. 12, December 1997
f
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ally measured at X19C with a gas ionization position sen
tive wire detector ~Ordela, 200 mm long active wire
region!.46 A single measurement with this detector scans
range inQz of ;1 Å21 ~at an x-ray energy of 8 keV!. The
range inQz may be essentially doubled by translating t
detector with the ‘‘oh’’ stage~see Table I!. The minimum
width of a peak along the Bragg rod is approximately t
inverse of the monolayer thickness, typically, 1/20 Å21. The
resolution of the linear detector inQz is ;331024 rad, far
exceeding that necessary to measure the peak widths.
allows many~typically, 100–200! adjacent detector channe
to be summed, improving the signal-to-background ratio.

VI. DESIGN

A. X19C beamline

The X19C beamline delivers radiation in the ener
range from 6 to 17 keV. The beam is focused in the verti
and horizontal by a cylindrically cut mirror that is mechan
Liquid surface spectrometer
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cally bent. The measured beam spot size~full width at half-
maximum! near the focus in the experimental area
0.4 mm31 mm (vertical3horizontal). The angular diver
gence of the beam is 100mrad in the vertical and 2 mrad in
the horizontal. The resultant x-ray fluxes from differe
monochromators at two sample energies are listed in T
II.

B. Spectrometer overview

There are several different methods for experimenta
achieving the kinematic conditions needed for detection
scattering from liquid surfaces.3,5,13,47–50Reflection and sur-
face diffuse scattering require the use of incident ang
much larger than the critical angle for reflection from a m
ror and, therefore, a monochromator crystal is used to s
the beam downward. Our spectrometer consists of the
lowing major components:~1! a flat single-crystal mono
chromator to select the wavelength and steer the x-ray b
downward;~2! a rotary~2u! stage to orient the spectromet
to intercept the x-ray beam of the chosen energy;~3! slits on
input and output~detector! arms to adjust the size of th
beam incident on the sample and set the resolution;~4! a
sample stage to adjust the vertical position of the sampl
appropriate for the desired angle of incidence; and~5! an
output arm and detector that can be appropriately orien
about the sample to choose both theQ vector and resolution

The X19C spectrometer has the following features:

~i! Range inQz of 0.01 nm21<Qz<30 nm21. Resolu-
tion in Qz is ;0.01 nm21 with a typical reproducibil-
ity of better than 0.03 nm21.

~ii ! For grazing-incidence diffraction, the detector the
motion is at least690°. The in-planeQ-space reso-
lution is 0.07 nm21 ~using Soller slits! with a repro-
ducibility of 0.015 nm21.

~iii ! For surface diffuse scattering, the resolution inQy is
1025 nm21 with a typical reproducibility of better
than 331025 nm21.

~iv! The capacity to use large and heavy sample chamb
as required for high-vacuum experiments. Sam
chambers of 100 kg~with a center of mass;0.3 m
from the bottom! that can fit on a 0.6 m30.75 m table
are easily accommodated.

~v! Simple wavelength tuning from 6 to 17 keV, allowin
for measurement of differential anomalous reflectiv
and fluorescence, and grazing incidence anomalou
ray scattering~these techniques have yet to be use!.

~vi! Simple spectrometer optics consisting of a single,
monochromator. The monochromator tank is design
for easy access to all components, thereby allow

TABLE II. Total flux measured after the steering monochromator~spot size
;0.531 mm!.

Monochromator Energy~keV! Flux ~photons/s!

Si~111! 8 331011

Si~111! 15 231010

Multilayer ~17.5 Å 2d spacing! 8 .731012

Multilayer ~17.5 Å 2d spacing! 15 631011
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for the easy replacement of monochromators for p
ticular experiments. For example, experiments wh
can be carried out with lower resolution but ne
higher flux will benefit from the use of multilaye
monochromators. X19C currently has both si
con~111! and multilayer monochromators ofd spac-
ing equal to 1.75 and 1.2 nm,51 see Table II.

~vii ! The spectrometer is permanently installed in t
X19C hutch. This reduces the setup time for an e
periment in comparison with portable spectromete

C. Steering crystal monochromator

A single reflection off a flat monochromator crystal
multilayer is used to select the x-ray energy and to steer
x-ray beam from its initial direction of approximately 9 mra
from the horizontal to the desired incident reflection angle
the sample. Two useful rotation geometries are available
this beam steering. In the first, the monochromator is rota
about an axis along the length of the monochromator an
the plane of the monochromator. The monochromatic be
is then steered in a plane at a fixed 2u @see Fig. 3~a!# with a
small change in x-ray energy as a function of the incid
angle on the sample. This geometry has been describe
detail by Pershanet al.6 and can be used when the x ra

FIG. 3. The axisz is out of the paper for parts~a! and~b!. The dashed lines
in ~a! and ~b! are in thej–z plane.~a! Kinematics for beam steering whe
the monochromator is rotated about its long axis.~b! Kinematics for beam
steering when the monochromator is rotated about an axis collinear with
incoming x-ray beam.~c! Projection of kinematics in part~b! onto thej–z
plane. The axish is into the paper.
4377Liquid surface spectrometer
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incident upon the monochromator have large enough ba
width to accommodate this energy variation and when
experimental technique can permit it. An alternative geo
etry uses a rotation of the monochromator about the a
collinear with the incoming beam@see Fig. 3~b!#. This has
the advantage that the x-ray energy is fixed as a functio
incident angle. However, the beam is steered in a cone,
manding that the spectrometer follow the beam by vary
2u as the angle of incidence is varied. This alternative geo
etry is necessary when monochromatic x rays~from a beam-
line monochromator, as, for example, at NSLS beaml
X22B! are incident on the steering monochromator or wh
the experimental technique requires a fixed energy.
X19C spectrometer is capable of either geometry, though
latter is usually used and will be described in this man
script.

At X19C, the x rays incident on the monochromator a
broadband in energy with a horizontal divergence of 2 m
and a vertical divergence of 0.1 mrad. The beam stee
geometry mixes the horizontal and vertical divergence as
monochromator is rotated. This changes the shape of
beam reflected from the monochromator and is particula
noticeable when using multilayer monochromators that
quire large rotation angles to achieve the desired angle
incidence on the sample. Due to the large horizontal div
gence,DE/E>331023 for the Si~111! monochromator and
DE/E>531023 for the multilayer monochromator~at 8
keV!, despite the much smaller natural bandwidth of t
Si~111! crystal. The multilayer monochromator’s bandwid
is well matched to the optics, resulting in an increase
photon flux by a factor of 25 over that from the Si~111!
~Table II!. When using the Si~111! crystal, we calculate tha
by reducing the horizontal beam divergence before
monochromator, the energy bandwidth,DE, can be reduced
to ;5 – 10 eV. Reduction ofDE to nearly this value has
been recently accomplished.52

Here, we review the relationship between the incid
wave vector,k in,m , onto the steering monochromator and t
wave vector reflected from the monochromator,kref,m . When
the beam is not steered, the plane of incidence is thej–z
plane, as shown in Fig. 3~c!. The incident angle is the Brag
angle, uB . In ~j,h,z! space, k in,m5k(1,0,0), where k
5uk in,mu52p/l, andl is the x-ray wavelength; the recipro
cal lattice vectort5t@2cos(p/22uB),0,sin(p/22uB)#. In
this case, the wavelength is the central wavelength de
mined by the monochromator and the incident angle. T
rays drawn in Figs. 3~a!–3~c! are the central rays. The re
flected wave vector is then written as

kref,m5k in,m1t5„k2t sin~uB!,0,t cos~uB!…. ~11!

The Bragg condition for diffraction~reflection, in this case!
from a perfect crystal can be written ast52k sin(uB) lead-
ing to kref,m5k„cos(2uB),0,sin(2uB)… as expected for simple
Bragg reflection.

It is now easy to consider the effect of a rotation of t
monochromator through an anglex about thej axis, as
shown in Fig. 3~b!. The reciprocal lattice vector is written a

t5t„2sin~uB!,cos~uB!sin~x!,cos~uB!cos~x!…, ~12!
4378 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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resulting in

kref,m5k„cos~2uB!,sin~2uB!sin~x!,sin~2uB!cos~x!….
~13!

Note that thej component ofkref,m is independent ofx in-
dicating thatkref,m rotates in a cone about thej axis. The
spectrometer has to vary 2u to follow kref,m . By projecting
kref,m into thej–z plane, as shown in Fig. 3~c!, it is seen that

tan~2u!5
kref,z

kref,j
5

sin~2uB!cos~x!

cos~2uB!
5tan~2uB!cos~x!.

~14!

The angle of incidence onto the sample,a, is determined by
the h component ofkref,m ~denotedkref,m,h! as

sin~a!5kref,m,h /k5sin~2uB!sin~x!, ~15!

or

x5sin21@sin~a!/sin~2uB!#, ~16!

which gives the monochromator rotation angle,x, for a de-
sired angle of incidence,a @see Fig. 4~a!#.

At X19C, the geometry is slightly more complicated b
cause the x-ray beam incident on the monochromator d
ates from the horizontal by approximately 9 mrad, but t
sample, being liquid, maintains a fixed horizontal surfa
determined by gravity. Figure 4~b! identifies the mirror re-
flection angle as 2um in the j–h plane. If we consider the
j–h–z space to be attached to the steering monochrom
~as used above! and a j8–h8–z8 space attached to th
sample, thenkref,m in the primed coordinates can be writte
in terms of a simple rotation about thez([z8) axis. This
gives

S kref,m,j8
kref,m,h8
kref,m,z8

D
5kS cos~2uB!cos~2um!2sin~2uB!sin~2um!sin x

cos~2uB!sin~2um!1sin~2uB!cos~2um!sin x
sin~2uB!cosx

D ,

~17!

where thez8 component is unchanged. As before, 2u is de-
termined by the projection onto thej8–z8 plane and is given
by

FIG. 4. ~a! X-ray beam steering onto sample at incident anglea. ~b! As in
part ~a! with the inclusion of the reflection angle from the mirror,um .
Liquid surface spectrometer



a-
e

d

or

o

x

n

k
n

th

ele

his
nk
rt.

e

er-
ge

the
tion
hair
be
ing

ank

tor
dis-

to

d x

n
es-

tect

w.
sed
p-
o

-

tru-
ad
f
rt
air

ta
or

e

a

and
2u5tan21F tan~2uB!cosx

cos~2um!2tan~2uB!sin~2um!sin xG , ~18!

anda is determined by sin(a)5kref,m,h8 /k and is given by

sin a5cos~2uB!sin~2um!1sin~2uB!cos~2um!sin x.
~19!

Use of Eq.~19! allows us to write the monochromator rot
tion angle, x, in terms of the angle of incidence on th
sample,a, as

x5sin21Fsin a2cos~2uB!sin~2um!

cos~2um!sin~2uB! G . ~20!

Because of the mirror reflection,a50 does not correspon
to x50.

To execute the necessary motions, the monochromat
mounted on theF stage of a 3-circle goniometer~i.e., a
4-circle geometry goniometer without the lowest, 2u, stage!.
This custom 3-circle was assembled from Huber Model N
410 and 511.1 by Blake Industries.53,54 The F stage is used
to set the x-ray energy by settinguB . Thex stage performs
the x motion described above. To align thex axis to be
collinear with the incoming beam requires rotation of thex
andF stages as a unit about an approximately vertical a
~theh axis!. This rotation is performed by theQ stage of the
3-circle. The alignment of thex axis also requires a rotatio
about a horizontal axis normal to the beam path~defined by
the x-ray direction incident upon the monochromator!. This
rotation is possible because the entire monochromator tan
mounted on kinematic mounts that allow for small rotatio
about thez axis through the monochromator~see Fig. 5!.
Deviation from perfect alignment results in changes in
x-ray energy as the beam is steered to different angles~see
the Appendix!.

The 2u stage~Huber 440! is not directly attached to the
3-circle, but is displaced vertically downward by;1 m. The
2u-axis and 3-circle rotation axes are aligned by using a t
scope, that rotates concentrically with the 2u axis, to sight on

FIG. 5. Side view of liquid surface spectrometer~refer to Table I!: mt,
monochromator tank; km, kinematic mount~only 1 of 3 mounting places
shown!; tel, alignment telescope mounting plate~telescope not shown!; w,
monochromator tank window; ia, input arm; ic, input column; yt, horizon
motion ~transverse to the beam! for the spectrometer and monochromat
tank together; 2um , twice the mirror reflection angle; 2u TP, 2u tie plate
connecting the 2u stage to the rest of the spectrometer; sth, sample th
~rotation!; dth, detector theta~rotation!; sh, sample height stage~vertical
motion!; vib, vibration isolation blocks; air, air bearings~total of 3!; atp, air
bearing tie plate connecting the three air bearings; oc, output column;
oa, output arm.
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a cross hair placed at the center of the 3-circle rotation. T
optical alignment is performed with the monochromator ta
closed, by sighting through four windows placed 90° apa
Note that the entire 3-circle is tilted at;9 mrad (2um) with
respect to the 2u stage. The 2u stage rotates the rest of th
spectrometer, including the sample, in a horizontal plane~see
Figs. 5 and 6!.

The monochromator is mounted directly on a wat
cooled block mounted on a linear translation sta
~‘‘monot’’ ! that is then mounted on the 3-circle’sF stage.
This stage is used to translate the monochromator out of
beam and replace it with a cross hair centered on the rota
axes of the 3-circle. Shining the x-ray beam on the cross
allows the 3-circle and the rest of the spectrometer to
centered on the beam. This placement is effected by mov
the entire spectrometer including the monochromator t
with a translation stage~‘‘yt’’ ! placed below the 2u stage.
The relative position of the center of the monochroma
3-circle with respect to the spectrometer is, therefore, un
turbed~see Figs. 5 and 6!.

The steel monochromator tank is pumped down
1023 Torr, filled with helium, and then left with a small flow
of helium during usage. The monochromated and steere
rays exit the tank through a large~8 cm324 cm!, flat, beryl-
lium or kapton, window. A window cover is used whe
changing the pressure in the tank to ensure that there is
sentially no pressure gradient across the window. To pro
the beryllium window from oxidation, a thin layer~200 nm!
of aluminum was deposited on the outside of the windo
However, this deteriorated after exposure to the focu
white beam. The beryllium window is now used with a ka
ton window over it and a flow of helium gas between the tw
windows.

D. Air bearing mechanism

When rotated by the Huber 440 2u stage, the spectrom
eter is supported by three air bearing pads~0.330.3 m2 area
for each! riding on a granite plate~1.9 m31.2 m30.15 m!.
The air bearings and the truncated triangular tie plate~see
Fig. 6! were engineered and manufactured by Dover Ins
ment Corp.55 This bearing mechanism supports a 270 kg lo
centered on the sample table~including a sample chamber o
100 kg or less! and a 90 kg load from the output arm suppo
structure that is offset by 685.8 mm from the center. The

l

ta

nd

FIG. 6. Top view of liquid surface spectrometer~refer to Table I!: mt,
monochromator tank; yt, horizontal motion~transverse to the beam! for the
spectrometer and monochromator tank together; 2u-tp, 2u tie plate connect-
ing the 2u stage to the rest of the spectrometer; dth, detector theta~rotation!;
atp, air bearing tie plate connecting the three air bearings; ia, input arm;
oa, output arm.
4379Liquid surface spectrometer
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hich
bearing mechanism can rotate 37° in 2u on a radius of
1238.25 mm~distance from the monochromator to samp
center! ~see Fig. 6!.

The mechanism serves a dual purpose by also provid
the bearing mechanism for the detector rotation. When
2u tie plate is fixed at a specified angle and the dth st
rotates, the air bearing tie plate rotates about a vertical
through the sample center. The dth rotation range is a m
mum of 690° for 10°,2u,35°. Limitations on this rota-
tion range are due to the position of the experimental hu
wall and interference between the output column and theu
tie plate.

The granite plate is flat to within 2.5mm and was leveled
to better than 131024 rad when installed. For motion in th
horizontal plane, the vertical motion of a given referen
point on the air bearing tie plate surface~with respect to the
granite plate! does not exceed 2.5mm over the entire excur
sion of the bearing mechanism.

E. Input and output arms

The input and output arms, shown schematically in Fi
5 and 6, are centered 558.8 mm from the monochrom
and 685.8 mm from the sample center, respectively. Th
hold Klinger rails~X-95!56 onto which the experimenter ca
attach slits~e.g., motorized Huber slit assemblies!, ion cham-
bers, scintillator detectors~mounted vertically or horizon-
tally!, Soller slits, a linear detector, evacuated beam paths
other optical elements as needed for a particular experim
The rails are easily replaced with others of different leng
and the optical components can be placed at most po
along the beam path. The vertical position of the compone
placed on the rail is very reproducible~within a few mi-
crometers!. The input arm is oriented and positioned co
rectly in the beam using an Anorad 7-6 linear translat
stage mounted for vertical translation~‘‘ih’’ ! and a Huber
414 double rotation stage~‘‘ir’’ ! rotating about a horizonta
axis. The other rotation axis of the Huber 414 can be use
rotate a crystal into the beam. This allows the incident
ergy as a function of monochromator steering angle to
measured as the incident angle is varied~by using a detector
on the end of the input arm!.

The output arm, which normally holds a detector, is o
ented and positioned in a similar fashion with a vertic
translation stage~Anorad 7-10! and a rotation about a hori
zontal axis~Franke PDM175M rotary table!. Because of the
significant torque loads on both the input and output ar
additional bearing surfaces were added for both the tran
tions and rotations.

The input and output arms and their associated mo
stages are supported on the input and output columns
spectively. The input column is mounted on the 2u tie plate
connecting the 2u stage and the detector rotation stage. T
output column is mounted on the air bearing tie plate tha
rotated about the sample center by the dth stage.

F. Sample table and vibration isolation

The mounting surface for sample chambers is a
30.75 m2 breadboard from Newport Research Corp.56 that is
4380 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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vibration isolated by a MOD-2 isolation system from JRS57

This system isolates the liquid surfaces from mechanic
induced vibrations. It provides active-feedback vibration is
lation, which maintains the absolute vertical position of t
breadboard to within 1mm ~and rotations to within 2mrad!,
necessary for maintaining sample alignment for the v
small grazing incident angles typically used to study liqu
surfaces. The sample height~‘‘sh’’ ! stage is a custom buil
vertical translation stage with 290 mm of travel and a s
size of 1.3mm. Optical encoder feedback of this stage resu
in a motion accuracy of;3 mm, primarily limited by the
mechanical creep of the stage~encoder from Heidenhain58!.
For higher precision work, small samples can be mounted
a small, accurate translation stage mounted on top of
sample breadboard.

The sample table can be rotated about its center b
Franke rotary table~PDM400M, ‘‘sth’’!. Although the
sample rotation may be limited by the use of large sam
chambers, the table is capable of rotating 360°.

G. Electronics and computer control

The motions of the spectrometer and beamline motor
well as the electronic signals from the detectors are c
trolled and read by a Sun Sparcstation 2 using hardware
software that are standard in the x-ray scattering commun
The software is a commercial package calledSPEC~Certified
Scientific Software!.59 The X19C spectrometer uses the Su
module of theSPECsoftware whose macrolanguage has be
used to customize the software for X19C. ACAMAC interface
is used for motor control~E-500 stepper motor controller
from DSP60! and for counting single-channel detectors su
as NaI scintillators~Bicron Corp.61! using counting and tim-
ing electronics from Kinetic Systems~3610 Hex Counter and
3655 Timing Generator62 and detector signal amplificatio
electronics from Ortec~556 Power Supply, 590A pream
and SCA, and 449 ratemeter!.63 The electronics allows for
counting to absolute time intervals or for gating detect
according to the total number of counts in another detec
~typically used to monitor the beam intensity immediate
prior to the sample!. Transistor–transistor logic signals from
theCAMAC motor controllers are sent to motor drivers, whic
amplify the signals as appropriate for different motors~driv-
ers from ACS,64 4-phase stepping motors from Superi
Electric or Vexta!. The software controls approximately 4
motors. An IEEE-488 interface board ~National
Instruments65! allows other signals to be recorded by th
computer. These include signals from a multichannel bu
~Ortec 918 and 476-4 multiplexer63! that records the outpu
of a linear detector~Ordela46! as well as any signals recorde
by a scanner multimeter~Keithley Instruments model 19966!
such as the resistance of thermistors~to measure sample tem
peratures!.

VII. MEASUREMENTS

In this section, a few measurements are discussed, w
illustrate the capabilities of the spectrometer.
Liquid surface spectrometer
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A. Liquid–liquid interfacial structure

Liquid–liquid interfaces are model systems to study
terfacial phenomena in a variety of technologically and s
entifically important areas. Recent measurements at the
monolayer–water interface by Leeet al. and McClainet al.
used neutron reflectivity and x-ray scattering, respectively
probe the large interfacial roughness.67,68

At X19C, we are currently studying the oil–
microemulsion interface in ternary liquid systems contain
a straight-chain oil, water, and a surfactant from the homo
gous series CiEj @n-alkyl polyglycol ether
CH3~CH2!i 21(OCH2CH2) jOH#.69–72 We have made x-ray
scattering measurements from the oil–microemulsion in
face of several ternary mixtures that include one of the s
factants, C4E1, C6E2, or C10E4. The mixtures using C4E1 or
C6E2 yield qualitatively similar results. The mixtures wit
C10E4 have much rougher interfaces (s>200 Å) and will be
discussed elsewhere. Here, we present studies o
C4E1–water–decane~1:1:3! mixture at 35.00 °C prepared i
a vapor-tight sample cell. Under these conditions, the s
tion is in a three-phase state with a middle-phase microem
sion. The primary experimental challenge occurs because
x-ray beam fully traverses the diameter of one of the b
phases. The concurrent absorption and bulk scattering d
mines the need for a small sample that, in turn, require
very small x-ray beam~10 mm vertically!. The high bril-
liance of a synchrotron x-ray source is needed to meet
experimental challenge.

We used H2O from a Barnstead Nanopure UV system
decane (991%) purchased from Sigma, and C4E1 ~.99.8%!
purchased from Fluka. The solution is contained in a po
carbonate sample cell of approximate cylindrical symme
The x rays pass in and out of the cell through two thin my
windows attached to the body of the cell with Kalrezo rings.
The sample cell is surrounded by a two-stage thermostat
temperature controlled to within 0.005 °C.

In this design, the x rays pass through 35 mm of
upper phase, necessitating the use of high energy x rays~see
Fig. 7!. The absorption length of the upper decane-rich ph
~at 35 °C! at 15 keV is 15 mm, resulting in an absorption lo
of 90%. By using a multilayer monochromator crystal at t
X19C surface spectrometer, we have adequate intensit
perform these experiments~631011 photons/s at 15 keV in a
0.5 mm31 mm spot!.

The reflectivity data~from the oil–microemulsion inter-
face! shown in Fig. 8 are very nearQc and cannot be ana
lyzed with the Born approximation given in Eqs.~3! and~4!.
Instead, these data were analyzed with the distorted w
Born approximation to determine the interfacial roughne
s, using the result given by32,68,73

FIG. 7. Schematic of liquid–liquid scattering geometry.
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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R~Qz!

I o
>UQz2Qz

T

Qz1Qz
TU2

exp~2s2QzQz
T!, ~21!

whereR(Qz) is the reflected intensity as a function of th
wave-vectorQz normal to the interface,I o is the incident
intensity, andQz

T>AQz
22Qc

2 is the z component of wave-
vector transfer with respect to the microemulsion phase.
solid line in Fig. 8 is a fit to Eq.~21! that yieldss566 Å
63 Å. This value is much larger than the largest molecu
size (;10 Å), and is indicative of a strongly fluctuating in
terface.

Figure 9 shows the surface diffuse scattering measu
as a function ofb for fixed a. The larger peak occurs at th
specular condition (a5b); the smaller peak occurs at th
critical angle,ac , and is due to the enhanced surface sc
tering from surface fluctuations. The solid line results fro
fitting to the form given by Eq.~8! using the surface rough
ness determined by the specular reflectivity. The one sign
cant fitting parameter is the interfacial tension,g50.18
60.01 dyn/cm. In addition to the interfacial tension, a li
early sloped background on the order of 10% of the pe
heights is fit. We have also fit our data to a slightly le

FIG. 8. Reflected intensity versusQz for x rays reflected from the oil–
microemulsion interface of a C4E1–decane–water mixture. The two symbo
~circles and triangles! represent two different data sets from two differe
samples measured during two different experimental runs. The solid lin
a fit to Eq.~21!.

FIG. 9. Intensity of the surface diffuse scattering at fixed incident an
a50.068°, plotted as a function of the scattering angle,b. The solid line is
a fit to Eq.~8!.
4381Liquid surface spectrometer
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approximate form for the distorted wave Born approximat
as given by Sinhaet al.32 There are slight quantitative differ
ences, however, the qualitative features remain the sam

The data in Figs. 8 and 9 are fit simultaneously beca
of a small interplay between the roughness value neede
fit the reflectivity and that needed to fit the diffuse scatteri
This occurs because some diffusely scattered x rays are
sured by the detector set for the specular condition. To
tract the value for the roughness consistent simultaneo
with both reflectivity and diffuse scattering requires subtra
ing the diffuse scattering from the specular measurem
during the fitting process. This will be discussed elsewher21

B. Thermal expansion coefficient of a perfluorinated
monolayer at the air–water interface

Grazing incidence x-ray diffraction measurements o
monolayer of perfluoro-n-eicosane@F~CF2!20F# at the water
surface were made at X19C. Although this molecule is no
surfactant in the traditional sense of having both hydroph
and hydrophobic moieties, nevertheless, it forms w
ordered monolayers supported on water. It is plausible th
delicate balance between a strongly attractive late
fluorocarbon–fluorocarbon interaction and the weaker
der Waals forces between the fluorocarbon molecules and
water allows the fluorocarbon molecules to spread over
surface as a single layer. Due to the unusual nature of
monolayer, it is sensible to ask if it shows some of the ch
acteristic features of bulk fluorocarbons. For example,
earlier study of this monolayer had indicated that it mig
show evidence for a structural transition similar to that se
for Teflon. However, our study of the thermal expansi
coefficient over the temperature range from 2 to 35 °C p
cludes this possibility.17

Monolayers of perfluoro-n-eicosane spread onto a pu
water surface form a hexagonal phase with the molec
oriented perpendicular to the surface. The studies discu
here were measured on monolayers where the macrosc
areal density varied from 0.45 to 0.50 nm2 per molecule. The
molecules form ordered monolayer patches whose unit ce
constant over the macroscopic density range studied he

The data shown in Fig. 10 demonstrate the tempera
dependence of the~0,1! diffraction peaks of three separa
monolayers of perfluoro-n-eicosane in the hexagonal phas
The average thermal expansion coefficient of the cha
chain separation computed from this data is (7.160.8)
31025 nm/°C. Although we have not found any studies
the thermal expansion of bulk fluoroalkanes, this value
similar to thermal expansion coefficients of bulk alkanes
31025 nm/°C) in the tightly packed low-temperature orth
rhombic phase. However, the hexagonal~rotator! phase of
bulk alkanes is more loosely packed and has a much gre
thermal expansion, of the order of 531024 nm/°C.

The three sets of data shown in Fig. 10 illustrate
repeatability of the spectrometer. Data sets B and C w
taken during a single trip to the synchrotron~NSLS!. Slight
realignment of the spectrometer between the spreadin
these two monolayers did not affect these indistinguisha
data sets. However, data set A was measured during a
ferent trip to the synchrotron and is offset from B and C
4382 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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0.015 nm21 in Qxy . The complete alignment of the spe
trometer, including the beamline mirror, is responsible
this systematic error inQxy . Note that the thermal expan
sion, indicated by the slope of the data, is essentially
same for all three data sets.
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APPENDIX: ENERGY ERROR DUE TO ALIGNMENT

Although most of the techniques we intend to use c
accommodate the small energy changes that occur asx is
changed, the measurement of differential anomalous refl
tivity requires a very constant incident energy for all incide
angles. It can be shown that if the incoming beam is m
aligned from thex axis by an anglee in the vertical and an
angled in the horizontal~see Fig. 11!, then the change in the
angleF required to reorient the monochromator crystal f
Bragg reflection at a particular energy isDF;ex
2(1/2)dx2. To see this, writek in,m in ~j,h,z! space includ-
ing the effect ofe andd ~see Fig. 12!,

FIG. 10. Diffraction peak centerQxy as a function of the substrate wate
temperature. Data are shown for three separately prepared monolayers
cular and square symbols represent data taken during the same experim
run; the triangles refer to data taken during a different experimental run.
line is a least-squares linear fit to the data represented by the triangles
Liquid surface spectrometer
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k in,m5k„cos~e!cos~d!,sin~e!,cos~e!sin~d!…. ~A1!

For x50, the reciprocal lattice vector can be written as

t5t„2cos~p/22uB2d!,0,sin~p/22uB2d!…. ~A2!

Using the Bragg condition,22t•k5t2, it is easily found
that t252kt cos(e)sin(uB) or t/2k5sin(uB) to first order in
e.

By considering the projection oft into thej–z plane for
xÞ0, it is seen that thej component oft is independent ofx
~Fig. 12!. This allows us to write, forxÞ0,

t5t„2cos~p/22uB2d!,cos~uB1d!sin~x!,

3cos~uB1d!cos~x!…. ~A3!

Using the Bragg condition, Eq.~A3! leads to

t

2k
>sin~uB!2ex1dx2/2, ~A4!

to first order ind and e. The first term is the usual Brag
condition. The remaining two terms yield the deviation fro
the Bragg condition that we wanted to calculate.

Correct alignment of both the 3-circleQ axis ~to setd
equal to zero! and the tilt of the monochromator tank~to set
e equal to zero! can be used to maintain constant energy a
function of incident angle. This alignment proceeds as f
lows: Once the beam is adjusted to go through the cente
the 3-circle, two adjustments must be made to align the be
horizontally ~d! and vertically~e!. Both alignments are car
ried out by rotating the monochromator crystal, using theF
stage, to be parallel to the beam for two values ofx that vary
by 180°. To determine if the monochromator crystal is p

FIG. 11. Illustration of misalignment betweenk in,m and thex axis ~collinear
with thej axis!. The angular deviation in the horizontal isd; the deviation in
the vertical ise.

FIG. 12. Projection into thej–z plane of the monochromator reflectio
kinematics when a misalignment exists betweenk in,m and thex axis ~col-
linear with thej axis! as illustrated in Fig. 11.
Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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allel to the beam, the crystal is placed into the beam andF is
rocked. As long as the crystal is well within the beam, th
the peak in the intensity will have a maximum that corr
sponds to the crystal being parallel to the beam. If the twoF
values required for parallelism are different, then a corr
tion of half the difference is made. To adjustd, the two x
positions used are1/290° and the correction is made by
Q motion ~3-circleQ stage!. To adjuste, the twox positions
used are 0° and 180° and the correction is made by the
nematic mount on the monochromator tank.

A typical alignment of the spectrometer is capable
reducingDE/E to less than 5 eV over the full range of re
flection angles without too much difficulty. Given the oth
limitations in energy resolution at X19C, this resolution
adequate.
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